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We have realized a scheme for continuous loading of a mag-
netic trap (MT). 52Cr atoms are continuously captured and
cooled in a magneto-optical trap (MOT). Optical pumping
to a metastable state decouples atoms from the cooling light.
Due to their high magnetic moment (6 µB), low-eld seeking
metastable atoms are trapped in the magnetic quadrupole
eld provided by the MOT. Limited by inelastic collisions
between atoms in the MOT and in the MT, we load 108
metastable atoms at a rate of 108 atoms/s at 50-100 µK into
the MT. After loading we can perform optical repumping to
realize a MT of ground state chromium atoms.
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Since their rst realization [1], magnetic traps for neu-
tral atoms have become important and powerful tools for
many experiments in atom and quantum optics. Espe-
cially striking experimental results [2] have been achieved
with Bose-Einstein condensates (BECs) that were real-
ized by evaporatively cooling an atomic gas in a magnetic
trap (MT) [3{5]. Up to the present, several groups have
demonstrated pulsed [6,7], quasi-continuous [8] or con-
tinuous [9] outcoupling of magnetically trapped BECs.
However, until now experiments suer from the absence
of a method for continuously loading atoms into the BEC.
Hence to date a matter wave analogon to the continuous
wave (cw) optical laser has not been realized. This cw
atom laser is expected to extend limits of research and
resulting applied technology. Although it is an important
step towards the realization of a cw atom laser, contin-
uous loading of a magnetic trap with laser cooled atoms
that are decoupled from the cooling light has not been
demonstrated to date. Alternatively, a cw atom laser
based on magnetic guiding in combination with atomic
collisions was suggested [10]. Continuous loading of opti-
cal traps with laser cooled atoms was proposed [11] and
recently experimentally demonstrated [12].
In this letter we report on the rst experimental re-
alization of a continuous loading mechanism for a mag-
netic trap with laser cooled atoms that are decoupled
from the cooling light. We show that atoms can be op-
tically pumped from a chromium magneto-optical trap
(MOT) [13,14] into a quadrupole MT. Metastable atoms
in \dark" states are stored in the MT due to their high
magnetic moment. We present results of systematic stud-
ies on the loading process and on the lifetime of the MT.
This lifetime is limited by inelastic collisions between
MOT atoms and atoms in the MT and by two-body col-
lisions of magnetically trapped metastable atoms. We
compare the temperatures of atoms in the MT with a
simple theoretical model.
The basic idea of our continuous loading scheme for
a MT consists of two steps that overlap in space and
time. First a reservoir of cold and dense atoms is pre-
pared by cooling and conning them in a MOT on a
transition jgi ! jei (FIG. 1). A weak decay channel
jei ! jdi allows the transfer of cold MOT atoms into
an additional long lived state jdi. The second step is to
store atoms that have decayed into low eld seeking Zee-
man substates of jdi in the magnetic quadrupole eld of
the MOT. This loading scheme can be very ecient if
jdi-atoms are decoupled from the MOT light and have
a large magnetic moment. A large decay rate branch-
ing ratio (Γeg/Γed  1) assures a steady state MOT in
thermal equilibrium and is expected to greatly reduce re-
absorption of transfer photons by atoms in the MT [15].
MT
FIG. 1. Relevant part of the 52Cr level scheme. The MOT
involves all levels and transitions, the continuous loading pro-
cess of the magnetic trap (MT) relies on the -system de-
picted in black (levels jgi, jei, jdi).
Chromium is an ideal candidate to explore this load-
ing mechanism since it combines a realization of the de-
sired level scheme in form of a -system (FIG. 1, black
levels and transitions) and a high magnetic moment of
up to 6 µB (µB =Bohr’s magneton). Due to its iso-
topic composition (3 bosonic isotopes: 52Cr (84%), 50Cr
(4%), 54Cr (2%), and one fermionic isotope 53Cr (10%) )
it is a promising element for experiments with degener-
ate atomic Bose and Fermi gases. The magnetic dipole-
dipole interaction is much stronger than for alkalis and
may lead to a ground state BEC wavefunction with in-
ternal structure [16] or to a BCS-like transition in a de-
generate Fermi gas of 53Cr [17]. In addition, chromium
has technological potential in nanostructure fabrication
[18,19] and structured doping [20] by atom lithography.
Magneto-optical trapping of chromium is performed
on the 7S3 !7P4 transition (vacuum wavelength λPS =
1
425.6 nm, decay rate ΓPS = 31.5  106 s−1, satura-
tion intensity Is = 8.5 mW/cm2, FIG. 1). Two in-
tercombination lines connect the excited 7P4-state to
the metastable states 5D4 (λPD4 = 658.3 nm) and 5D3
(λPD3 = 649.3 nm) [13]. Our measurements of MOT
lifetimes give decay rates of ΓPD4 = (127  14) s−1 and
ΓPD3 = (42  6) s−1 [21]. A repumper laser on the
5D3 !7P3 transition plugs the 7P4 !5D3 decay channel.
By this method we eectively reduce the level scheme
to the desired -system (jgi =7S3, jei =7P4, jdi =5D4,
Γeg = ΓPS, Γed = ΓPD4) with a branching ratio of
250 000. As long as no repumper laser is applied on the
jdi ! jei transition atoms are optically pumped into the
jd, mdi-substates (md = −4, . . . , 4 denotes the magnetic
quantum number) of jdi with a signicant probability of
ending in low eld seeking (md > 0) states.
Our vacuum system consists of two vertically arranged
chambers connected by a Zeeman slower. A high temper-
ature eusion cell operated around 1700 K is attached to
the lower chamber. Evacuation by an ion pump and a
Ti-sublimation pump leads to residual gas pressures be-
low 10−11 mbar in the upper chamber where the traps
are located. Three pairs of retroreflected 1 cm diameter
laser beams build up a standard six beam σ+/σ−-light
eld for the MOT. A quadrupole magnetic eld with gra-
dients up to 20 G/cm is produced by two coils wrapped
onto the chamber. The 4 mm diameter repumper laser
beams pass the MOT and are retroreflected. We produce
1 W of blue laser light for the MOT and the Zeeman
slower by frequency doubling a Ti:Sapphire laser using
a LBO-crystal. Two grating stabilized laser diodes serve
for repumping. One provides 7 mW at 654.3 nm to drive
the 5D3 !7P3 transition. The other is amplied by injec-
tion locking to obtain 12 mW at 658.3 nm for repumping
on the 5D4 !7P4 line (jdi ! jei, FIG. 1).
In order to detect magnetically trapped metastable
atoms we optically pump them within a few ms back into
the ground state jgi. Then jgi-state atoms are resonantly
excited with the MOT laser and their fluorescence is im-
aged onto a calibrated CCD camera. If we perform this
repumping within the MT we prepare cold ground state
chromium atoms in our magnetic trap. This is a power-
ful alternative to the method of buer gas loading [22].
The optical transfer of metastable atoms into the ground
state comes with a heating on the order of the recoil tem-
perature (Tr  1 µK) due to photon scattering. Optical
pumping within the magnetic potential may change the
mean magnetic moment of trapped atoms and alter their
temperature due to a variation in potential energy. Both
eects can be neglected within our experimental resolu-
tion since the temperatures exceed Tr by more than one
order of magnitude and the mean magnetic moment is
much larger than its expected change [21].
We investigated the loading into the MT by perform-
ing the following experiments. First we prepare a steady
state MOT with both repumper lasers on so that eec-
tively no loading into the MT occurs. Then we switch
o the jdi repumper laser and start cw-loading of the
MT. After a variable time delay we detect magneti-
cally trapped jdi-state atoms. The resulting loading
curves (number of magnetically trapped atoms versus
loading time) show purely exponential loading. We ex-
tract the loading rates by tting the loading curves to
N(t) = N0[1 − exp(−t/τ)] (tting parameters: steady
state atom number N0 and loading time constant τ). The
MT loading rate R is given by R = N0/τ .
Fig. 2 shows loading rates obtained with three dierent
detunings ( = ωlaser − ωatom) of the MOT light and a
single laser beam intensity of 15 Is versus the steady state
number of MOT atoms. During the loading process the
number of MOT atoms was adjusted by varying the oven
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FIG. 2. Loading rates of the MT for MOT laser detunings
of  = −2Γeg (circles), −5Γeg (squares) and −8Γeg (dia-
monds) as a function of the number of atoms in the MOT.
The lines are linear least square ts to the data. The marker
size represents the accuracy of our measurements.
For given light eld parameters R depends linearly on
the number of MOT atoms. In order to evaluate the
transfer eciency η = R/(NMOTPeΓed) of the loading
process, the excitation probability Pe was calculated us-
ing an averaged saturation intensity of hIsi = 73Is as in
[14,23]. We nd η = (32 5)%, (25 4)% and (16 4)%
for  = −2,−5,−8Γeg. Loading the MT at rates up to
R = 108 atoms/s, we are able to accumulate 108 atoms.
The atom density in our quadrupole MT decreases expo-
nentially from the trap centre. We observe peak densities
of n0 = 1010 atoms/cm3. Typical 1/e-radii of the MT are
r  800 µm while the radii of the Gaussian shaped MOT
are σ  200 µm.
The maximum number of atoms in the MT is limited
by the loading time constants of τ  1 s we observe when
the experiment is operated at high loading rates. FIG.
3 shows the inverse loading time constants for the ex-
perimental parameters described above. The decay rates
Γ = 1/τ are corrected for \dark" collisions with residual
gas and the thermal chromium beam. This correction
2
is done by subtracting decay rates of the jgi-state MT
that were measured without MOT laser light. We plot
Γ versus the product of the eective density of excited
MOT atoms ne times the average collisional velocity v.
Although measured for dierent detunings, Γ increases
linearly with nev according to
Γ = neσedv (1)
with a collisional cross section σed. This linear result
shows that if both traps are overlapped inelastic collisions
between excited atoms in the MOT and jdi-state atoms
in the MT are dominating other loss mechanisms.
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FIG. 3. Decay rates of the MT with overlapped MOT as
a function of the eective density of excited MOT atoms
ne times the collisional velocity v for detunings of  =
−2Γeg (circles), −5Γeg (squares) and −8Γeg (diamonds).
The straight line is a linear t to the data and results in
a cross section for inelastic collisions of σed  10−15 m2.
If the MOT is much smaller than the MT collisions oc-
cur only at the trap centre and ne can be approximated
by the number of excited MOT atoms per volume of the
MT [24]. The nite MOT size would give a correction fac-
tor on the right hand side of Eq. (1) of 0.5-0.8 depending
on the trap size ratio σ/r. We assume an average colli-
sional velocity of v  [(TMOT+TMT)3kB/mCr]1/2, where
mCr is the chromium mass. We extract σed  10−15 m2
by tting the data in FIG. 3 linearly. This value is com-
parable to the two-body loss rate coecient in a Cr-
MOT [14]. σed is about one order of magnitude larger
than the values observed in mixtures of two dierent al-
kalis [25,26]. Light-assisted collisions with the thermal
chromium beam result in a non-vanishing decay rate at
very low MOT densities.
In order to estimate phase-space densities of atoms in
our MT temperature is measured in the following way.
We pump jdi atoms back into the ground state jgi with
the magnetic eld on. Then the density distribution of
jgi-atoms is imaged immediately after switching o the
magnetic eld. We t this density distribution to that
of a thermal atom ensemble in a quadrupole magnetic
eld including gravity. The three-parameter tting func-
tion [21] gives the peak density, the temperature and
the mean magnetic moment µ. We typically measure
µ = gd mdµB = (4.5{6)µB corresponding to md = 3{4.
The temperature of atoms in the MT and in the MOT
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FIG. 4. Temperatures of trapped atoms as a function of
the light shift parameter (six-beam intensity I/). TMOT
(crosses) and TMT (boxes) are measured for atoms in the
MOT and in the MT, respectively. TMT,th (circles) are the
theoretical temperatures of magnetically trapped atoms cal-
culated as described in the text. The lines are linear least
square ts to the data.
The MOT temperature is measured by ballistic expan-
sion of the cloud and shows the expected linear increase
with increasing light shift parameter I/ [27]. In the MT
we observe temperatures down to 50 µK and phase space
densities of 3 10−7 assuming a totally polarized cloud.
MT atoms are usually colder than atoms in the MOT.
This can be understood by using the Virial Theorem and
assuming that the transfer of MOT atoms occurs at the
centre of the MT with negligible potential energy. The
initial kinetic energy Ei of MOT atoms is converted into
nal kinetic energy Ef and potential energy Vf (for a
linear potential Vf = 2Ef ) of MT atoms:
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Including additional initial potential energy due to the
nite size of the MOT one gets for the theoretical tem-




TMOT + T. (3)
We estimate T for a transfer from an isotropic MOT
with size σ into an isotropic MT with mean magnetic
eld gradient b. If md is the mean magnetic quantum








gd md b σ (4)
3
and is about one order of magnitude less than TMOT. In-
serting the measured values TMOT, σ, b and md in Eqs.
(3) and (4) we evaluate TMT,th (circles in FIG. 4). Al-
though taking our temperature resolution (about 10%)
into account, atoms in the MT are hotter than theoret-
ically predicted. This eect is more pronounced at low
light shift parameters and can be explained by a heat-
ing mechanism in the MT. Trapped jdi-state atoms are
heated by 10-50 µK depending on the amount of time
spent in the MT and the heating rate described below.
After stopping the cw-loading the number of atoms
in the MT decays non-exponentially indicating inelastic
two-body collisions between jdi-state atoms. In addition
we observe enlargement of the trapped cloud caused by
a heating of more than 10 µK/s. In contrast, the MT
with jgi-state atoms decays purely exponentially (N(t) /
exp(−t/t0)) with a lifetime t0 of up to 60 s and shows
heating rates of only 1 µK/s. In order to distinguish
between the eect of heating and two-body losses in the
jdi-state MT the standard time derivative of the atom
density is modied by a term taking the enlargement of











where n0 is the peak atom density, V the MT volume
and β the two-body loss rate coecient. We analyse
our data in the following way. The increase of the MT
volume (V = V (t)) due to heating is tted linearly. After
inserting this V (t) and t0 of the ground state MT we solve
Eq. (5) for n0(t) and t the resulting function (tting
parameter β) to the peak density of atoms in the MT.
This results in β  7  10−17 m3/s leading to a cross
section σdd which is about one order of magnitude less
than σed. The inelastic jdi-jdi collisions do not limit the
loading process but possibly the phase space densities
achievable by further cooling of the cloud. Experiments
with a totally polarized cloud are under way and may
lead to a reduction of β as predicted for He in [28].
In summary we have realized a continuous optical load-
ing scheme for magnetic traps with light decoupled atoms
by operating a magneto-optical trap and a magnetic trap
overlapped in space and time. The loading rates up to
108 atoms/s depend linearly on the number of excited
MOT atoms. We continuously load up to 108 atoms
into the MT, limited by collisions with excited MOT
atoms. The lifetime of metastable atoms in the MT af-
ter switching o the MOT is limited by inelastic colli-
sions of trapped atoms. These are strongly suppressed
in the ground state MT that can be loaded by repump-
ing metastable atoms within the MT. In future experi-
ments, the continuous loading of dierent kinds of mag-
netic traps (TOP [29] - and optical plug [5] trap) will be
investigated. Our results of initial phase space densities
encourage work towards Bose-Einstein condensation in
ground state chromium atoms.
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